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Brief History of Thermoelectric Effects

• 1822, Thomas Seebeck
– electrical potential in the junction of two dissimilar 

metals when there is a temperature gradient,
thermopower S = V/∆T

• 1834, Jean Peltier
– Passing current through two dissimilar conductors 

caused heat to be either emitted or absorbed at the 
junction, dQ/dt = ΠI

• 1838, Heinrich Lenz
– demonstrates thermoelectric refrigeration

• 1931, Lars Onsager
– Proves Π = (Sp-Sn)T, posited by Lord Kelvin in 1854
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CURRENT AND PROPOSED APPLICATIONS 
FOR THERMOELECTRIC MATERIALS

• REFRIGERATION

– Spot cooling of electronics
• Infrared detectors
• Computer central processing units
• X-ray detectors
• Fiber-optic laser packages

– Picnic coolers (powered by car battery)
– Air conditioning in submarines and railway coaches
– Water coolers
– Superconducting electronics
– Home refrigerators



CURRENT AND PROPOSED APPLICATIONS 
FOR THERMOELECTRIC MATERIALS

• Power Generation

– Deep-space probes (Pioneer, Viking, Voyager, Galileo)
– Remote weather stations
– Remote navigational systems
– Submarines
– Subsea power generation (for petroleum wellhead valves)
– Conversion of waste heat into useful electrical power

• Large diesel trucks
• Steel industry
• Chemical industry

– Calorimetric sensors
• Continuous glucose monitoring in blood system



Major drawback of thermoelectric refrigerators
or power generators is their efficiency.

To improve the efficiency of thermoelectric devices one seeks larger values 
of the dimensionless figure of merit:

ZT = (S2/κρ)T

S = thermopower (Seebeck coefficient)
κ = total thermal conductivity

= κlattice + κelectronic
ρ = electrical resistivity

All current thermoelectric devices use materials with ZT = 1.



PREMISE

The “electron crystal, phonon-glass” 
concept proposed by Slack (1995) is 
useful for improving thermoelectric 

performance.





Structure - Property Relationships using ADP’s

• Debye temperature
• mean velocity of sound
• Einstein frequency of “rattler” 
• heat capacity

• mean free path of the phonons
• lattice thermal conductivity

For clathrate-like semiconductors, the atomic displacement parameters determined 
from crystal structure refinement can be used to estimate the following quantities:
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κ Lattice =
1
3

CV vsd

Lattice  thermal  conductiv i ty

Cv = heat capacity per unit volume
v s = velocity of sound
d = mean free path of phonons

For d, we use the distance between the “rattlers”, 
which tend to dominate the scattering mechanisms.



Crystal structure refinement 
using neutron single-crystal diffraction data

• lattice dimensions
• atom positions
• site occupancies
• atomic displacement parameters
• magnetic structures

as a function of:
composition,
temperature,
pressure



Isotropic

T’ = exp[-8π2Uisosin2Θ/λ2]

Anisotropic

Atomic Displacement Parameters

T’ = exp[-2π2(u11h2a*2+u22k2b*2+u33l2c*2

       +2u12hka*b*+2u13h1a*c*+2u23klb*c*)]

u11 u12 u13
u12 u22 u23
u13 u23 u33





Filled Skutterudite Structure
Jeitschko & Braun, Acta Cryst. B 33, 3401 (1977)

• AM4Pn12
– A=Ln, Ca, Sr, Ba, Th, U
– M= Fe, Ru, Os, Co, Rh, Ir
– Pn = P, As, Sb

• > 60 end-members known 
• cubic, Im , a = 7.8-9.3 Å
• electronic behavior:

– superconductors
– metals
– semiconductors

3 



0.000

0.005

0.010

0.015

0.020

0.025

0 50 100 150 200 250 300

La
0.75

Fe
2.75

Co
1.25

Sb
12

Is
ot

ro
pi

c 
A

D
P

, U
 (Å

2
)

T (K)

La

Sb

Fe,Co



-0.5

0

0.5

1

1.5

2

0 5 10 15 20 25 30

L
a 

vi
b

ra
ti

o
n

al
 d

en
si

ty
 o

f 
st

at
es

 (
ar

b
. u

n
it

s)

E(meV)

LaFe
4
Sb

12
-CeFe

4
Sb

12

80 K



Tl2SnTe5

Tl1

Tl2



0

0.01

0.02

0.03

0.04

0.05

0.06

Tl
2
SnTe

5

0 50 100 150 200 250 300 350 400

U
is

o
(Å

2
)

Tl(1)

Tl(2)
Te(2)
Te(1)

Sn

T(K)





X8E46-structure type, Pm n, 
X = Na, K, Rb, Cs, Eu, Sr, Ba; E = Si, Ge, Sn, Al, Ga
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                                    LaFe4Sb12              Tl2SnTe5             Sr8Ga16Ge30

  ADP20  Other  ADP21  Other  ADP8  Other

 ΘD (K)  299  30517  159  1606  274     3008

 ΘE (K)  79  803  38  306  72     878

 Vs(m/s)  2886  300717  1488     --  2123     ---

 d (Å)  7.9      9  6.45     --  5.38     ---

 κL (W/cmK)  0.014  0.01717  0.0039  0.0046  0.007  0.0095
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Neutron Crystallography Reveals Atomic Positional 
Disorder in the Clathrate-type X8Ga16Ge30 (X = Ba, Sr, Eu) 

Thermoelectric Materials
Publications based on this work:  Chakoumakos et al., J. Alloys Comp. 296 (2000) 80;

Keppens et al., Phil. Mag. Lett. 80 (2000) 807; Chakoumakos et al., J. Alloys Comp., in press; 
Sales et al., Phys. Rev. B, in press

Nuclear density 
maps show 

increasing positional 
disorder in the large 
cage with decreasing 

guest atom size
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Conclusions

FAtomic displacement parameters can be used to 
estimate lattice thermal conductivity. This structure -
property relationship is aiding the search for new 
thermoelectric materials.

FThe neutron crystallography reveals positional 
disorder of the cage occupants in clathrate-like 
semiconductors.


